Currently, little is known about the structure-function essential proteins of the heat-shock response, which relationship of ClpB/Hsp104 molecular chaperones due have the remarkable capacity to rescue stress-damto the lack of an atomic structure of the functional asaged proteins from an aggregated state. We have desembly. This structural information is essential, howtermined the structure of Thermus thermophilus ClpB ever, in order to understand the mechanism by which (TClpB) using a combination of X-ray crystallography members of the ClpB/Hsp104 family mediate protein and cryo-electron microscopy (cryo-EM). Our singledisaggregation. It has been suggested that ClpB/Hsp104 particle reconstruction shows that TClpB forms a twoforms higher-order oligomers in a nucleotide-, protein tiered hexameric ring. The ClpB/Hsp104-linker conconcentration-, and salt concentration-dependent mansists of an 85 Å long and mobile coiled coil that is ner ( 
and is buttressed by the Walker A motif (P-loop), the loop connecting helices B2 and B3 in NBD1, and the conserved I340, L344, and I382 of the D1-small domain Structure of the TClpB Monomer ( Figure 2C ). The 6-amino group of the adenine base The TClpB monomer can be divided into five distinct donates a hydrogen bond to the carbonyl oxygen of the domains: the N-terminal domain (residues 4-135); the I173 main chain ( Figure 2C ). Nucleotide binding, how-D1-large domain or NBD1 (residues 151-331); the D1-ever, would also be compatible with a hydrogen bond small domain (residues 332-535) that contains the ClpB/ acceptor of the 6-keto group of guanine nucleotides. Hsp104-linker; the D2-large domain or NBD2 (residues The D1-small domain consists of a bundle of four ␣ 545-756); and the D2-small domain (residues 757-850) helices with two short parallel ␤ strands and a long (Figure 2A ). The N-terminal domain of TClpB is mostly coiled coil, the ClpB/Hsp104-linker, which is inserted ␣-helical with two short parallel ␤ strands inserted near its N terminus (Figure 2A ). While the overall structure of between helix C3 and ␤ strand c2 ( Figure 2B ). This long coiled coil is composed of two shorter coiled-coil motifs, ␣-helix (L2), 85 Å in length ( Figure 2B ). Each of the two shorter motifs is reminiscent to that of leucine zippers consisting of helices L1 and L2 (motif 1), and L2 and L3/L4 (motif 2), respectively, and share a common typically found in eukaryotic transcription factors The D2-small domain has a mixed ␣/␤ structure and a similar topology as the D1-small domain (Figure 2A ). consecutive leucine-rich heptad repeats ( Figure 2B) .
The D1-small domain is connected to NBD2 via helix However, the D2-small domain lacks the long coiledcoil insertion, and instead of helix C4, contains a ␤ strand D1 (Figure 2A ), which may function as a hinge allowing motion between the D1 domain (residues 151-535) and (e3) that is part of a three stranded ␤-pleated sheet. The overall topology of the TClpB monomer is similar the D2 domain (residues 545-850). The structure of NBD2 also has a RecA-like fold with a ␤-hairpin motif to that of E. coli ClpA whose structure has been reported recently (Guo et al., 2002) . However, the relative orientainserted after helix D9 (Figure 2A ). Similar to NBD1, AMPPNP is bound in an anti conformation ( Figure 2D ). tion and position of the D1 domain differ approximately by a 50Њ rotation and a 24 Å translation when the crystal The nucleotide is buttressed by the P-loop, the loop connecting helices D2 and D3 in NBD2, helix E1, and structures of ClpA and TClpB are superimposed pairwise through the C␣ atoms of the D2 domain (data not the conserved G804, A805, and R806 (sensor 2) of the "sensor-and substrate-discrimination" (SSD) motif shown). It is possible that ClpA and TClpB adopt different conformations due to the different crystal lattices (Smith et al., 1999) ( Figure 2D ). It should be noted, however, that the long and flexible side chain of R806 is or perhaps because ClpA lacks the ClpB/Hsp104-linker that is critical for ClpB function. disordered in all three representations of TClpB. Specificity for adenine nucleotides is provided through basespecific interactions. The 6-amino group of the adenine Molecular Assembly and Plasticity of TClpB in the Crystal Structure base forms a bifurcated hydrogen bond with the main chain carbonyl oxygen of V561 and V599, respectively
As noted above, there are three independent representations of full-length TClpB in the crystallographic asym-( Figure 2D ). In contrast to NBD1, this interaction would Figure  3B ) and up to 9.6 Å when superimposed through NBD1 a. This arrangement of molecules gives rise to a helical assembly, which extends throughout the crystal and (data not shown). The structure of the ClpB/Hsp104-linker suggests that the conformation and perhaps the forms a hexameric ring structure when viewed in projection (data not shown). It is important to note that, in motion of the coiled coil are important for protein disaggregation. the crystal, each of the three TClpB molecules in the asymmetric unit adopts a different conformation, even though they are in the same nucleotide bound state Structure of the TClpB Hexamer To determine the oligomeric state of the functional ( Figure 3A ). This suggests that TClpB is a dynamic molecule that can undergo large conformational rearrangeTClpB assembly, we have examined the structure of the TClpB-AMPPNP complex using cryo-EM. The initial ments. The superposition of the three TClpB molecules highlights the remarkable plasticity of TClpB ( Figure 3B Residues 536-544, which connect the two fragments, were moved as a rigid body to connect the D1 and D2 on the protrusion in the TClpB reconstruction, which accounts for part of the ClpB/Hsp104-linker. The domains and to fit the cryo-EM map. The hexamer was generated from the fitted TClpB monomer by applying N-terminal domain and most of the long coiled coil, however, are not visible in our reconstruction (Figure a 6-fold rotational symmetry matrix. The secondary structure elements of the generated hexamer are all 4A) and are presumably flexible. This is consistent with our crystal structure, which shows that both of these contained within the cryo-EM map, with the exception of the long coiled coil and part of helix D2 ( Figure 4B ). domains are mobile. Thus, the threshold of the surface rendering was chosen such that the corresponding volIn our hexamer, NBD1 is positioned directly above NBD2 of the same subunit ( Figure 4C ). This quaternary ume matches the 480 kDa molecular mass of an N-terminal domain truncated TClpB hexamer. arrangement is different from that proposed for E. coli ClpA (Guo et al., 2002) . The adenine nucleotide is bound To examine the molecular interactions in the TClpB hexamer, we have fitted the atomic structure of an at the interface between two adjacent TClpB subunits.
In the hexamer, R322 contacts the ␥-phosphate of hydrolyze ATP, and the casein-induced stimulation of these ATPase activities, however, were maintained as AMPPNP from a neighboring molecule ( Figure 4D ). This is reminiscent of the catalytic arginine, the so-called determined by size-exclusion chromatography and by measuring the ATPase activities of wild-type and mutant arginine finger, first reported in the crystal structure of the Ras-GDP-AlF 3 /RasGAP complex (Scheffzek et al.,
TClpB (data not shown). In the presence of DTT, the chaperone activity of all four mutant proteins was re-1997). This interaction may not only stabilize the TClpB hexamer, but could also provide the structural basis for stored ( Figure 5B ). In the G167C/R475C, V350C/Q467C, and G353C/ cooperativity by "sensing" the functional state of the bound nucleotide in the adjacent subunit and assisting R464C mutants, the coiled coil was immobilized by tethering motif 2 to either NBD1 (G167C/R475C) or the D1-ATP hydrolysis.
While NBD1 and NBD2 line the inside of the top and small domain (V350C/Q467C; G353C/R464C) of the same TClpB monomer ( Figure 5A ). Intermolecular disulbottom ring, respectively, the D1-small and D2-small domains are located on the outside of the hexamer, with fide bond formation was not detected (data not shown).
In the R355C/E520C mutant, the coiled coil was immobithe long coiled coil being exposed on the surface of TClpB. The calculated electrostatic surface potential lized only indirectly by introducing a disulfide bridge between the two ␤ strands of the D1-small domain (Figmap shows that the inside of each ring is mostly acidic (Figure 4E ), whereas the outside surface of TClpB is ure 5A). Presumably, the latter allows some coiled-coil motion, which could explain the higher chaperone activboth hydrophobic and polar ( Figure 4F ). It has been suggested that the D2-small domain is essential for oliity with respect to the other mutants (
Figure 5B Our model of the TClpB-AMPPNP hexamer reveals 5A). These leucine residues are located at the interface between the ClpB/Hsp104-linker and the D1-small dothat both NBDs contribute toward oligomerization (Figures 4B and 4C) 
protein disaggregation and ATPase activities of investigate the functional importance of this coiled-coil
TClpB can be uncoupled and, more importantly, support motion, we generated four sets of mutants by replacing the notion that the relative position and motion of the G167/R475, V350/Q467, G353/R464, and R355/E520 long coiled coil are critical for chaperone activity. with cysteines ( Figure 5A ). These double mutants were designed based on our crystal structure to form a disulfide bridge under nonreducing but not under reducing Mechanistic Model for Protein Disaggregation by ClpB conditions. This was possible because there are no cysteine residues in wild-type TClpB.
A number of different mechanisms have been proposed by which members of the AAA ϩ family modulate the In the absence of the reducing agent dithiothreitol (DTT), the chaperone activity was impaired in all four conformational state of their substrate proteins (Vale,
2000; Ogura and Wilkinson, 2001). It has been suggested mutants (
Figure 5B), presumably by restricting the coiled-coil motion through disulfide bond formation. that a hexameric ring structure may provide a framework for binding target proteins at multiple sites and that While the chaperone activity of the R355C/E520C mutant was reduced less than half, the G167C/R475C, ATP-driven conformational changes could provide the necessary mechanical force to modulate substrate pro-V350C/Q467C, and G353C/R464C mutants showed a 5-fold to 7-fold decrease in their capacity to rescue teins (Vale, 2000) . Our results show that both the relative position and heat-aggregated glucose-6-phosphate dehydrogenase (G6PDH) (Figure 5B ). Hexamer formation, the ability to motion of the long coiled coil are essential for TClpB's Figure 6 ). We propose that the ClpB hexamer first recognizes and binds large aggregates coil. While the nature and direction of this motion are unknown, the long coiled coils presumably move in conbetween motif 1 and motif 2 of adjacent ClpB subunits. It is conceivable that ClpB only recognizes aggregates cert in order to avoid steric interference with the long coiled coil of a neighboring subunit. A concerted coiledthat are large enough to bind simultaneously to motif 1 and motif 2. This is consistent with the observation that coil motion that causes motif 1 and motif 2 of adjacent subunits to move in opposite directions could generate ClpB is required for the efficient solubilization of high molecular weight aggregates, but is dispensable for the the required mechanical force to pull apart large aggregates. Interestingly, ClpA in complex with ClpP has also disaggregation of small aggregates (Diamant et al., 2000) . We favor a mechanism by which a small ATPbeen shown to disaggregate proteins in vitro, but unlike the ClpB-DnaK bichaperone system, is unable to do so driven conformational change within the D1 domain is coupled to a large coiled-coil motion, which could proin vivo (Dougan et al., 2002) , presumably due to the lack of the long coiled coil. This indicates that ClpB/Hsp104 vide the necessary leverage to dissociate large aggregates ( Figure 6 ). This may be achieved by an opening is the principal protein disaggregation machine inside the cell and suggests that ClpB/Hsp104 has an addior closing of the nucleotide binding cleft or a small rotation of the D1-small domain relative to the D1-large dotional disaggregation activity not found in other Hsp100 proteins. main as observed in the crystal structures of the different nucleotide bound states of HslU, a member of the class We propose that ClpB has at least two functions: to disaggregate high molecular weight aggregates into 2 family of Hsp100 proteins (Wang et al., 2001 ). While 
